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Abstract

We present a case study of the Magnetospheric Multiscale (MMS) observations of the
Southern Hemispheric dayside magnetospheric boundaries under southward interplanetary magnetic
field direction with strong By component. During this event MMS encountered several magnetic field
depressions characterized by enhanced plasma beta and high fluxes of high-energy electrons and ions at
the dusk sector of the southern cusp region that resemble previous Cluster and Polar observations of cusp
diamagnetic cavities. Based on the expected maximum magnetic shear model and magnetohydrodynamic
simulations, we show that for the present event the diamagnetic cavity-like structures were formed in an
unusual location. Analysis of the composition measurements of ion velocity distribution functions and
magnetohydrodynamics simulations show clear evidence of the creation of a new kind of magnetic bottle
structures by component reconnection occurring at lower latitudes. We propose that the high-energy
particles trapped in these cavities can sometimes end up in the loss cone and leak out, providing a likely
explanation for recent high-energy particle leakage events observed in the magnetosheath.

Plain Language Summary Understanding the origin, acceleration mechanisms, and ultimately
predicting the space radiation environment of high-energy particles is critical for safe unmanned and
manned space operations. In this article we present the first observations of the generation mechanism of
a new kind of magnetic bottle at the high-latitude region of the Earth's magnetic shield with high-fluxes
of high-energy particles (> 100 keV) using data from National Aeronautics and Space Administration's
Magnetosphere Multiscale mission and numerical simulations. The Magnetosphere Multiscale
composition measurements of He++ , O+ , H+ , and e− as well as sensitivity to different energies allows us to
calculate the size of the magnetic bottle, which for the present event was created by magnetic reconnection
about 8 RE from the spacecraft. We show the first observations of the counterstreaming O+ of ionospheric
origin in the magnetic field depressions. We show that particles from these bottles can sometimes “leak
out” to the magnetosheath providing a likely explanation for recent high-energy particle leakage event
observations.
1. Introduction

©2019. American Geophysical Union.
All Rights Reserved.
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Recent Magnetosphere Multiscale (MMS) observations have revealed energetic (≥ 40 keV) electrons leaking into the magnetosheath (Cohen et al., 2017). The detailed physical mechanisms explaining the origin
of these particles is not understood. Although the MMS mission is designed to investigate the small-scale
low-latitude physical processes (e.g., dayside reconnection and tail reconnection), its orbits can reach to
the exterior cusp boundaries close to the equinoxes in 2015 and 2016 and during high dipole tilt. Close to
equinoxes MMS orbit had a significant y component and therefore the zGSM coordinate could be substantial
(up to ≈ 5–7 RE ) meaning that the MMS orbit was actually closer to southern exterior cusp boundaries rather
than the vicinity of the subsolar magnetopause at the equatorial plane. Figure 1 shows examples of MMS1
orbital plots together with Tsyganenko 96 (Tsyganenko, 1996) model in x, z plane in GSM coordinates. We
show one example for each month of the MMS orbits with a circle highlighting the electron leakage event
listed in Cohen et al. (2017). The interplanetary magnetic field (IMF) vector in GSM coordinates during
each leakage event is marked in each panel and distance between MMS to the y = 0 plane is shown in
bottom corner of each panel. Cluster trajectory during encounters of the “traditional” diamagnetic cavities
(DMCs) at Northern (Nykyri, Otto, Adamson, Dougal, & Mumme, 2011) and Southern (Cargill et al., 2004)
Hemispheres are shown for comparison. This shows that the MMS orbit can frequently encounter southern
197
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Figure 1. Example of Cluster spacecraft trajectory during northern (a) and southern (d) cusp diamagnetic cavity
crossings, respectively. (b, c, e, and f–i) MMS locations close to Southern Hemisphere magnetospheric boundaries
calculated from T96 model in x, zGSM plane during electron leakage events observed by Cohen et al. (2017). The
interplanetary magnetic field vector in GSM coordinates during each leakage event is marked in each panel and
distance between MMS to y = 0 plane is shown in bottom corner of each panel. The present event analyzed in this
paper is shown in panel (c) in same format for comparison. MMS = Magnetospheric Multiscale.

high-latitude magnetospheric boundaries, which is not always obvious if viewing data in GSE coordinate
system or not considering the diurnal wobble of the geodipole. It therefore is possible that some of the MMS
high-energy electron events observed in the magnetosheath originate from the “traditional” DMCs or from
a new kind of magnetic bottles created by component reconnection such as discussed in the present paper.
The DMCs, characterized by extended regions of decreased magnetic field and high plasma beta surrounding the high-altitude cusp funnel, are mainly formed by magnetic reconnection between the IMF and Earth's
magnetic field surrounding the magnetospheric cusps (Adamson et al., 2011, 2012; Nykyri, Otto, Adamson,
Dougal, & Mumme, 2011; Nykyri, Otto, Adamson, & Tjulin, 2011; Zhang et al., 2013). Cusps are a funnel-like,
basic topological features of the magnetosphere, and were first predicted by Chapman and Ferraro
(1931) using the image dipole model. Observationally, cusps are typically identified as narrow regions of
recently reconnected field lines which map into the ionosphere at high latitudes mostly consisting of cold,
magnetosheath-like plasma and of particles propagating earthward (Wing et al., 2001). DMCs, on the other
hand, are large, extended regions formed on the field lines that have reconnected sometime in the past and
consist of both earthward propagating and reflected particle populations and are frequently associated with
high-energy (> 30 keV) electrons, protons, and O+ ions (Nykyri, Otto, Adamson, Dougal, & Mumme, 2011).
NYKYRI ET AL.
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The O+ outflow from the ionosphere, through the cusps, has important consequences for the global
magnetospheric dynamics (Brambles et al., 2010).
While there has been considerable debate on the origin of the high-energy particles in the DMCs (Asikainen
& Mursula, 2005; Chang et al., 1998; Chen & Fritz, 1998; Fuselier et al., 1991; Nykyri, Otto, Adamson, Dougal,
& Mumme, 2011; Sibeck et al., 1987; Trattner et al., 2001), test particle simulations (Nykyri et al., 2012) and
the presence of the high fluxes of energetic 90◦ pitch angle (PA) electrons and O+ ions in strongly depressed
magnetic field regions (Nykyri, Otto, Adamson, Dougal, & Mumme, 2011; Nykyri et al., 2012; Walsh et al.,
2010) are consistent with local acceleration mechanisms in the cavity. Simulations in a high-resolution 3-D
cusp model uncovered that trapped particles in the DMCs can be accelerated by 40 keV when their drift
paths go through regions of “reconnection quasi-potential” (Nykyri et al., 2012), resulting in perpendicular
acceleration and PAs of 90◦ . The test particle simulations showed that the efficiency of the acceleration
mechanism depends on the magnitude of the draped magnetic field and how long the particles remain
trapped before the IMF changes orientation. The 40-keV acceleration was achieved for the draped field of
10 nT in 6 min, but energies up to 200 keV are possible for higher draped field magnitudes (Nykyri et al.,
2012) and longer trapping times. It also has been shown that the contribution of plasma waves is small on
the particle acceleration in the DMCs (Nykyri, Otto, Adamson, & Tjulin, 2011).
Recently, Luo et al. (2017) performed a statistical study using 11 years of high-energy (> 274 keV) proton
and oxygen data from the Cluster spacecraft. Their results indicate that the energetic ion distributions are
influenced by the dawn-dusk IMF direction. Under northward IMF, their statistics for high latitudes between
F
−F
4 RE < |ZGSM | < 8 RE showed a higher flux (F) asymmetry index (F = Fdusk +Fdawn ) for quadrants where the
dusk
dawn
location of a DMC is predicted. During southward IMF with positive By , it was found that the flux intensity
of H+ is much higher at the duskside than it is at the dawnside for both the dayside magnetosphere and
nightside plasma sheet in the Northern Hemisphere. In Southern Hemisphere under southward IMF and
under positive IMF By , the asymmetry at the dayside was dawnward for both H+ and O+ ions in agreement
with the expected DMC formation location for the most antiparallel magnetic fields.
Observational signatures of the high-altitude cusp crossings are sensitive to the orbit altitude and prevailing
solar wind conditions. The Northern Hemisphere cusp crossings from Cluster revealed that reconnection tailward of the cusp during northward IMF leads to strong field-aligned flows, which are observed
when spacecraft enter the reconnected cusp fields lines from the tail lobe (Nykyri et al., 2003, 2004, 2006;
Vontrat-Reberac et al., 2003). The magnetic field strength during these type of cusp crossings is still large,
≈100–60 nT, and gradually decreases to ≈ 40 nT. When moving into the region of accumulated old reconnected flux, the spacecraft observe stagnant plasma. Lavraud et al. (2002) coined the “Stagnant Exterior
Cusp'; this region is characterized by stagnant plasma, more isotropic ion velocity distributions, and gradual field decrease from 40 to 10 nT. Zhang et al. (2005) showed that energetic (> 28 keV) protons and
energetic electrons were present during 80% and 23% of the Stagnant Exterior Cusp crossings, respectively.
The encounters of the DMCs, however, have revealed very abrupt and strongly depressed magnetic field
magnitudes with respect to surrounding boundaries. For example, the four Cluster spacecraft separation of
5,000 km allowed a determination of DMC structure and dynamics under northward and southward IMF
(Nykyri, Otto, Adamson, Dougal, & Mumme, 2011; Nykyri, Otto, Adamson, & Tjulin, 2011). During the cavity encounter the magnetic field rapidly dropped from 80 nT (in lobe magnetosphere) to 4 nT (in cavity).
When the IMF turned southward, a new cavity formed sunward of the old cavity. Cargill et al. (2004) discussed a southern cusp crossing with a rapid depression of about 60 nT in the magnetic field strength that
lasted only about 5 min and coincided with higher ion temperatures and reduced densities with respect to
surrounding regions.
This article presents a case study of MMS observations on 2 October 2015 of the formation of a new
kind of magnetic bottle, which resembles the prior Cluster observations of the DMCs. Although the DMC
was formed in unusual location, we demonstrate that the underlying generation mechanism (reconnection) is the same. The “traditional” DMCs have been observed at high latitudes during local antiparallel
reconnection in the vicinity of the cusps, while here we show that DMC is formed at high latitudes by
remote component reconnection at low latitudes. MMS traversed duskward from the dayside magnetosphere
through the high-latitude dayside boundary layer (see Figure 2). The IMF was steady southward (Bz ≈ −6
to −7 nT) with a strong duskward component (By ≈ +6 to 8 nT), and Bx was small and varied between −1
and +1 nT. The solar wind velocity varied between 360 and 400 km/s, and the density varied between 3.9 and
NYKYRI ET AL.
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Figure 2. Three-dimensional visualization of the Earth's magnetic field topology in GSM coordinates computed using
T96 model (Tsyganenko, 1996) at 9:24 UT in the x-z plane (a) and in the y-z plane (b), respectively. The MMS orbit
between 8 and 11:00 and location between 09:24 are shown in red line and by a (magnified) black circle, respectively.
The cartoon of field line topology resulting from component reconnection for Bz < 0, and By > 0 similar to Gosling
et al. (1990) is visualized in top of the T96 field lines. The IMF field lines and recently (later) reconnected field lines are
visualized in magenta (light blue). The dashed light blue line shows the field line mapped using T96 model from MMS
location to the ionosphere and toward the equator at t = 09:24. The direction of the Earth's magnetic field, IMF, and de
Hoffman-Teller frame velocity are depicted with green, magenta, and purple arrows, respectively. The numbers mark
the expected locations relative to reconnection topology consistent with the velocity distribution functions shown in
Figure 4. M1 and M2 mark the magnetic mirror points. The expected locations of traditional cavity formation (see
Figure 6) via antiparallel reconnection are identified by large ovals in the Northern and Southern hemispheres,
respectively. MMS = Magnetospheric Multiscale; IMF = interplanetary magnetic field.

5.5 cm−3 inducing a dynamic pressure of the order between 1.1 and 1.5 nPa during the interval. The duration of quasiperiodic encounters with the depressed field regions and high-energy particles lasted a couple
of hours. In this article we show the detailed analysis of subinterval from 9:18 to 9:30 UT and describe the
main properties of the other DMCs during the same event. The MMS trajectory between 8:00 and 11 UT is
identified by the red trace in Figures 2a and 2b. The MMS separation is only about 20–30 km, so all spacecraft
observe the same large-scale plasma and magnetic field features.

2. Methods
2.1. Instrumentation and Data Used
All magnetospheric data shown in Figures 3–5 are the level 2 data from one of the National Aeronautics
and Space Administration's MMS satellites (MMS1; Burch et al., 2016). We use Hot Plasma Composition
Analyzer (HPCA) for the H+ , He++ , and O+ ion phase space-energy spectrograms and velocity distribution
functions (Young et al., 2016); Fast Plasma Investigation (Pollock et al., 2016) for the ion energy spectra
and moments; and Flux Gate Magnetometers (Russell et al., 2016; Torbert et al., 2016) for the DC magnetic
field. Energetic electron distribution and PA data come from the Fly's Eye Energetic Particle Spectrometer
(Blake et al., 2016) instrument. Energetic (49–209 keV) proton PA data are available from the Energetic Ion
Spectrometer (Mauk et al., 2016). The versions of the data files used are v4.18.0.cdf, v3.1.0.cdf, v3.2.0.cdf,
v6.0.1.cdf, v3.0.0.cdf, and v2.1.0.cdf for Flux Gate Magnetometers, Fast Plasma Investigation, HPCA, Fly's
Eye Energetic Particle Spectrometer, and Energetic Ion Spectrometer, respectively. Solar wind conditions
are taken from the OMNI (http://omniweb.gsfc.nasa.gov/) database (King & Papitashvili, 2005).
2.2. Loss Cone PA Calculation
The loss cone PA, 𝛼 , shown in Figures 4l and 4m with black curves,
𝛼 = arctan( √

1

),

(1)

BM ∕B − 1

uses a constant magnetic field value at the mirror point, BM = 45 nT, and B is the magnetic field magnitude
observed between 9:18 and 9:30 UT (including the cavity interval). Figures 4l and 4m shows that a 45-nT
field at the mirror point is able to trap most of the particles in the cavity region where the field is about
25 nT. The magnetic bottle structure between mirror points M1 and M2 is illustrated in Figure 2 and later
NYKYRI ET AL.
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Figure 3. MMS1 observations between 8:40 and 9:30 of (a) He++ ; (b) O+ ; (c) omnidirectional energetic ion intensity;
(d) omnidirectional energetic electron intensity; (e) lower-energy protons; (f) ion density (green) and temperature;
(g) ion velocity; (h) ion plasma beta; (i) magnetic, plasma, and total pressure; (j) magnetic field; (k) total velocity; 48- to
209-keV energetic proton (l) and 70–1,000 keV energetic electron (m) pitch angle distributions; (n) total magnetic field
strength; (o) and the IMF from OMNI. The four main cavities are highlighted with green boxes. MMS =
Magnetospheric Multiscale; HPCA = Hot Plasma Composition Analyzer; FEEPS = Fly's Eye Energetic Particle
Spectrometer; EIS = Energetic Ion Spectrometer; IMF = interplanetary magnetic field.

NYKYRI ET AL.
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Figure 4. MMS1 observations between 9:18 and 9:30 of the plasma and field properties (panels a–n) and OMNI magnetic field (panel o). The loss cone PA is
highlighted by black lines for energetic protons (l) and electrons (m). On the right are the H+ , He++ , and O+ velocity distribution functions at four different
times: at the msh-side (1), at the reconnected field line on the msh-side (2) and magnetospheric side (3), and at the “older” reconnected field line (cavity; 4).
The observation times of these distributions relative to magnetic field are marked with red arrows (k). The parallel cut of the phase space density for
distribution 4 is shown for H+ , He++ , and O+ . MMS = Magnetospheric Multiscale; HPCA = Hot Plasma Composition Analyzer; FEEPS = Fly's Eye Energetic
Particle Spectrometer; EIS = Energetic Ion Spectrometer; IMF = interplanetary magnetic field.

in Figure 6f. The mirror point, M2, is formed at the magnetospheric side of the cumulated reconnected field
lines which increases the magnetic field strength in this region.
2.3. Global MHD Modeling
In order to put the MMS observations in the context of the magnetospheric boundaries and to estimate the
distance to the mirror point M1, where field strength becomes 45 nT, we have simulated the event from 08:00
to 11:00 UT using Space Weather Modeling Framework (SWMF/BATSRUS; De Zeeuw et al., 2004; Powell
et al., 1999; Ridley & Liemohn, 2002; Tóth et al., 2005, 2012; Wolf et al., 1982) using 34.7-M cells and 1/16 RE
numerical resolution at the inner boundary. However, the detailed physical process of the particle dynamics
in the DMCs requires a more sophisticated comparison between global simulations with test particles and
in situ observations, which will be addressed in our future study. The run results and model settings can
be found at the National Aeronautics and Space Administration community coordinated modeling center
(https://ccmc.gsfc.nasa.gov/results) with the following run ID: Katariina_Nykyri_020918_2.
NYKYRI ET AL.
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Figure 5. Maximum magnetic shear model illustrating the angle between the draped interplanetary magnetic field
(IMF; from lagged Wind data) and Earth's magnetic field at the magnetopause (a). Magnetospheric Multiscale location
is marked with blue square and IMF direction with black line. The −v × B electric field comparison with the de
Hoffman-Teller frame electric field and the Walén relation calculated from the Fast Plasma Investigation instrument
using the pressure anisotropy correction (b).

3. Results
3.1. MMS Observations
Figures 3 and 4 present MMS1 observations of plasma and magnetic field properties on 2 October 2015
between 08:40–9:30 and 09:18–09:30 UT, respectively, at the high-latitude dayside magnetospheric boundary. During 8:40–9:30 MMS moved duskward (from y = 5.9 RE to y = 6.3 RE ) and southward (from z = −3.9
RE to z = −4.3 RE ) and had multiple encounters of high-energy particles in the depressed field regions.
We next focus on detailed analysis of the subinterval between 09:18 and 09:30 (4th cavity in Figure 3) when
MMS was located at the (R ≈[7.9, 6.4, -4.3]; see Figure 4). Between 9:18 and 9:18:40 UT MMS was at the
open magnetosheath (msh) field lines close to the magnetopause that map to the quasi-parallel shock at the
northern hemisphere (msh, yellow highlighted column). This msh-interval is characterized by high fluxes of
He++ , which is a typical signature of solar wind source (a), lower fluxes of 48- to 209-keV ions (c), high fluxes
of low-energy ions (e) with lower temperatures and higher ion densities (f) than the subsequent cavity interval. Between ≈ 9:19 and 9:21:15 MMS encounters gradually increasing strong tailward plasma flows (g) and a
NYKYRI ET AL.
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Figure 6. MHD model results at 9:24 UT of plasma beta and magnetic field vectors in y, z plane at x = 5 RE (a), in x, z
plane at y = −5.5 RE (b), and at y = 4 RE (c). The y component of the current density, Jy , (color) and magnetic field
vectors in x, z plane at y = 0 (d) and at y = 3.2 RE (e). The magnetic field strength and velocity vectors in x, z plane at
the MMS1 y coordinate, y = 6.4 RE (f). The last closed and the first polar cap field line tailward of the cusp are
overplotted with thick, red and yellow lines, respectively (instead of yellow, blue color is used in panel f to distinguish
the line from background). Diagram of the expected locations (gray ovals) of the diamagnetic cavities for different IMF
orientations at the vicinity of the northern (g) and southern (h) cusps. Gray arrows present the direction of Earth's
magnetic field and colored arrows present the direction of the draped IMF for the following main IMF By and Bz
conditions: (i) By < 0, Bz > 0, (ii) By > 0, Bz > 0, (iii) By < 0, Bz < 0, (iv) By > 0, Bz < 0, (v) By ≫ |Bz |, (vi)
By ≪ −|Bz |, (vii) Bz ≫ |By |, and (viii) Bz ≪ -|By |. The blue thick arrows present regions where B field is
perpendicular to the magnetosheath flow. MHD = magnetohydrodynamics; MMS = Magnetospheric Multiscale;
IMF = interplanetary magnetic field.

NYKYRI ET AL.
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magnetic field rotation (j). The plasma density decreases from the magnetosheath values to about 6–11 cm−3
and temperature increases slightly (f). The magnetic field strength (n) shows about 30-s oscillations with
about 10-nT amplitude, creating a wavy signature in ion-beta (h). The combination of the magnetic field
and plasma flow changes, as well as the magnetic field topology in Figures 2a and 2b, is consistent with the
MMS trajectory from the magnetosheath (ion distribution 1) through the rotational discontinuity where Bx
and Bz first become more negative (ion distribution 2) when MMS enters the magnetosheath side of the
reconnected field line, and then gradually turn positive when MMS moves to the magnetospheric side of
the reconnected field line (ion distribution 3). The By is positive (j) both on draped IMF field lines and on
Earth's magnetic field lines in this location as can be expected based on T96 model and MMS position (see
Figure 2b) and from the global magnetohydrodynamics (MHD) model (see Figure 6a).
By 9:24 the magnetic field strength (n) has decreased by 22 nT from the values observed during the encounter
of the msh-side of the reconnected field line at 9:18:53. Meanwhile, the thermal pressure increases in the
magnetic cavity. However the total pressure is still lower than outside of the cavity (i). Reduced magnetic
pressure, balanced by the increased thermal pressure is a typical signature of the diamagnetic cusp cavities created by reconnection in MHD (Adamson et al., 2012). Here the plasma pressure calculation does not
include the high-energy particles, which is why the plasma pressure does not balance the magnetic pressure.
Similar to southern cusp event observed by Cargill et al. (2004), the density has reduced, and temperature
has increased from the values in the surrounding regions. Inside the main cavity, the lower-energy part of
the He++ population has increased in energy from the typical magnetosheath values of ≈ 100 eV to 2 keV
to 900 eV to 2 keV, and there also appears a higher energy population between 10 and 30 keV with ∼ 10
times lower phase space densities than the 800 eV to 30 keV population in the cavity (a). The depressed field
region correlates also with enhanced fluxes of high-energy 1- to 30-keV O+ ions (b), 80- to 209-keV protons
(c), and 70- to 300-keV electrons (d). The PA plots (panels l and m) are shown in the spacecraft frame. In
these PA plots, the black lines represent the boundary of the loss cone for the particles inside the cavity:
assuming adiabatic particle motion the particles that have PAs between the black lines are trapped and cannot originate from the higher magnetic field region directly without some reprocessing. In particular, the
70- to 1,000-keV electrons appear to be well trapped in the depressed field regions. In the magnetosheath
(yellow box) there exists parallel high-energy proton fluxes. These parallel protons close to the magnetopause
boundary could originate from the quasi-parallel bow shock (Trattner et al., 2011) at the Northern Hemisphere or result from leakage out of the cavity through weaker mirror point M2 (see Figures 2 and 6). For a
Gaussian distribution, if bulk velocity is perpendicular to the magnetic field, one would expect a strong 90◦
PA distribution. In contrast, the observation only shows a weak flux at the 90◦ PA during the good Walén
relation region (characterized by strong, mostly perpendicular flow), indicating that in bulk-velocity frame
most particles move along the field line. In the magnetosheath the low bulk velocity is mostly along the magnetic field direction. However, the distribution 1 is still asymmetric; therefore, a field-aligned anisotropy is
evident in the HPCA distribution. This anisotropy likely extends into the energetic particle data, which is
consistent with the ion spectra in panel l.
The right-hand side of Figure 4 shows HPCA ion velocity distribution functions for H+ , He++ , and O+ at
four different times (marked with the numbered boxes in Figures 2a and 2b and left side of the Figure 4).
These distributions are shown in the frame where the velocity of the H+ distribution perpendicular to the
magnetic field is zero. The H+ and He++ velocity distribution functions in the magnetosheath between
t = 9:18:04–9:18:14 (row 1) show a typical parallel streaming low-energy core distribution. Unlike He++ ,
the H+ distribution shows also a higher-energy population extending to about 1,200 km/s. Between t =
9:18:44–9:18:54 (row 2) MMS has moved onto the newly reconnected field line (on the magnetosheath side)
and the high-energy H+ population becomes prominent covering a wide range of PAs in the parallel direction. Meanwhile, the low-velocity core of the H+ and He++ distributions are shifted along the magnetic
field direction. The He++ distribution also shows a high-energy population in the parallel direction, indicating that at least part of this population is reflected off the open magnetopause. The O+ distribution is
also streaming parallel to the magnetic field and indicates that there is escape of magnetospheric ions along
open field lines into the magnetosheath.
By t = 9:22:24–09:22:34 (row 3) MMS has moved to the magnetospheric side of the recently reconnected
field line and observes an antiparallel lower-energy population of solar wind origin, while the high-energy
H+ population becomes more isotropic. He++ shows the low-energy, antiparallel propagating population
as well. The direction of propagation is consistent with a reconnection site northward of the spacecraft
NYKYRI ET AL.
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Table 1
Properties of Ion Velocity Distribution Functions During Cavity Observations Shown in Figure 3
Cavity

O+

H+

He ++

1

CS low energy and high energy

CS low energy and high energy

CS low energy and high energy

2

CS low energy and high energy

high energy

high energy

3

CS low energy and high energy

CS low energy and high energy

CS low (at exit) and high energy

4

CS low energy and high energy

CS low energy and high energy

CS low energy and high energy

Note. Counterstreaming (CS) low-energy or high-energy populations are indicated. The low-energy He++ and H+ originate from the magnetosheath, while the low-energy O+ originates from the ionosphere. The high-energy populations
are either ring current or locally accelerated.

location. O+ distribution is propagating mostly in parallel direction, due to outflow from the ionosphere.
At t = 9:23:44–09:23:54 (row 4) MMS encounters a field line that has been opened by reconnection for
a longer period of time and observes both the incoming lower and higher energy solar wind H+ population (antiparallel to magnetic field), as well as the enhanced and reflected (parallel to magnetic field)
low-energy population from the Southern Hemisphere ionosphere. The symmetric high-energy H+ population at 9:22:29 and 9:23:49 are very similar as the high-energy particles travel faster to the mirror points M1
and M2 (shown in Figure 2). Both the He++ and O+ show the incoming and reflected low-energy populations. The parallel (with respect to magnetic field) cut of the phase space density during the cavity interval at
09:23:49 clearly demonstrate the incoming and reflected low-energy populations for H+ and He++ , as well
as the fresh ionospheric outflow (parcel 2) of O+ parallel to magnetic field which gets reflected at the M2
mirror point in the spine region of the cumulated reconnected flux. This reflected low-energy O+ population (parcel 1) is likely visible because it left the ionosphere slightly earlier (this is the parallel population in
the 3rd O+ distribution seen 80 s earlier) than parcel 2 and due to large gyroradius of O+ .
The color code in Figure 5a shows the angle between draped IMF and Earth's magnetic field at the magnetopause illustrating that regions with the most antiparallel fields exists at the dusk sector of the northern
cusp and at the dawn sector of the southern cusp (expected location of traditional DMCs). The shear angles
were calculated using the maximum shear model developed by Trattner et al. (2007) where the geomagnetic
field direction is given by the T96 model and the draped IMF conditions at the magnetopause are calculated using the model by Cooling et al. (2000). It can be seen that magnetic shear is significant (100–120◦ )
in the extended region above MMS which can result in component reconnection. Figure 5b shows that
during 9:18:30–9:21:15 UT there exists an excellent de Hoffman-Teller (HT) frame (slope = 1 and correlation coefficient = 0.94), and a good Walén relation (slope = −0.822 and cc. = −0.94). The HT velocity is
[−220,326,−58] km/s and is consistent with the direction of purple arrows in Figures 2a and 2b. These HT
frame velocities and good Walén relations are further evidence for the component reconnection for the prevailing ≈ 130◦ IMF clock angle (Fuselier et al., 2011; Gosling et al., 1990) occurring northward and dawnward
of the MMS location. This field line topology highlighted in Figure 2 agrees with our interpretation of the
H+ , He++ , and O+ velocity distribution functions when MMS crosses from the magnetosheath onto reconnect field lines. The Walén relations during the transitions into the cavity between 9:21:15 and 9:23:15, and
out of the cavity between 09:23:15 and 09:25:30 were not satisfied (−0.25 and −0.01, respectively) apparently
because of the reflected populations. Also, the latter interval with the flow enhancement between 09:26:00
and 09:30:00 did not satisfy the Walén relation. The Wálen relation was not satisfied for the plasma flows
before the observation of the other three main cavity intervals shown in Figure 3.
Table 1 summarizes the properties of the ion velocity distributions observed in the four cavities. Cavities 1
and 3 have similarities with cavity 4. They all have intervals when there is counterstreaming O+ , He++ , and
H+ . For He++ , this counterstreaming population is at approximately 1–5 keV/e in Figure 3. The presence
of counterstreaming O+ is indicative of a source from the southern ionosphere and reflection at M2. The
presence of counterstreaming He++ is indicative of a magnetosheath source and reflection in the M1. H+ is a
mixture of both the magnetosheath and magnetospheric sources. The difference between cavities 1 and 3 and
cavity 4 is that the counterstreaming populations are observed throughout cavity 4 and only intermittently,
in particular at the entrance and exit, of cavities 1 and 3. The distributions in the center of cavities 1 and
2 are similar to the distributions in cavity 3. Cavity 3 is different from cavities 1 and 4 in that there is no
counterstreaming He++ except possibly at the exit of the cavity at 0910 UT. Otherwise, the centers of cavities
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1 and 2 and most of cavity 3 appear to be consistent with ring current-like energies above 10 keV for He++ .
The transition from a mixture of magnetospheric and magnetosheath ions into a region where there are only
magnetospheric ions is consistent with a transition from the cavity to the outer magnetosphere.
3.2. MHD Simulations
Figure 6 shows the plasma and field properties of the dayside magnetosphere at 09:24 UT from
high-resolution MHD global simulation results, with the MMS1 location projected in each plane as well as
the cartoon of the expected DMC locations based on the maximum shear of the draped IMF field around the
geomagnetic field in the vicinity of the cusps. The DMCs are directly generated by reconnection in maximum magnetic shear regions in a similar manner described by Nykyri, Otto, Adamson, Dougal, and Mumme
(2011) and Adamson et al. (2011, 2012). These cavities are indicated by a strongly enhanced plasma beta
(color scale is saturated at beta = 38 in order to better see the northern hemisphere DMC in the same plane)
tailward of the MMS at x = 5 RE (panel a) in the expected regions in Southern (region iv in panels b and g)
and Northern Hemispheres (region iv in panels c and h). For the dipole tilt and solar wind conditions, the
southern DMC at the dawn sector is more pronounced (maximum beta is 78 for cut at y = -5.5 RE ) than
the DMC in the Northern Hemisphere dusk sector (maximum beta is 38 for y = 4 RE ). The y component of
the current density (Jy ) in the x, z plane with a cut at the y = 0 (d) and y = 3.2 (e) shows that Jy is enhanced
in the extended region around dayside magnetopause. This enhancement can lead to reconnection. The
magnetic field strength in the x, z plane (panel f) with a cut at the MMS location (y = 6.4 RE ) shows that
there exists a flow channel (black vectors whose direction is consistent with the observed HT frame velocity
vectors in Figure 5b) originating from an equatorial reconnection region resulting in an extended region of
depressed magnetic field which is surrounded by higher magnetic field. The dashed blue line is sketched
over the simulation and illustrates the topology of the magnetic bottle (projected in the x, z plane similar to
Figure 2a) with the mirror points M1 and M2 at the ionospheric side and in the spine region of the reconnected flux tube, respectively. Note that the color scale is saturated here at 45 nT as this value at mirror point
was sufficient in trapping most of the high-energy particles (as illustrated by narrow loss cone in Figures 4l
and 4m). On the magnetospheric side of the reconnected field line, the particles move anti-parallel to the
field toward the ionosphere and get reflected at M1 (about 2–2.5 RE from MMS) when the mirror force
becomes sufficient. Then they travel back over the kink region of the reconnected field line parallel to magnetic field into the spine region characterized by strongly compressed magnetic field. In the simulation, the
field strength in this region is around 37 nT, while in MMS observations (see Figure 4o) the field strength
on the magnetosheath side of the reconnected field line is around 48 nT at 9:19 and around 42 nT at 9:25.
This is likely the leaky side of the magnetic bottle as can be seen by the energetic protons in the loss cone
at 9:23:30–9:25:30 in Figure 4l when the field strength is 37–42 nT. We also produced the cuts along the
simulated MMS orbit of the magnetic field, plasma flow velocity, density, and temperature (not shown).
The range of density (n), temperature (T), velocity (vx , vy , vz ), and magnetic field (bx , by , bz and bt ) variation between 9:18 and 9:30 UT are as follows: n = [4.3,9.4] cm−3 , T =[3.5,6.5] MK, vx =[−130,−100] km/s,
vy =[80, 105] km/s, vz =[−150, −110] km/s, bx =[−9,−4] nT, by =[27, 38] nT, bz =[4, 14] nT, and bT =[29,
36] nT. This indicates that the virtual spacecraft, unlike MMS, does not observe such fast flows or magnetic field rotations. The reconnection in the present MHD simulation operates due to numerical resistivity,
which results in smoothed magnetic field and flow profiles in comparison to the real system.

4. Estimation of the MMS Distance to the Reconnection Site and M2
Because H+ can have multiple sources, we use the parallel cuts of the O+ (of ionospheric origin) phase space
density and He++ (of solar wind origin) to evaluate distance to the reconnection site (LR ) using method
similar to Fuselier et al. (2000) and Trattner et al. (2007). Using the estimated distance from MMS to the M1,
LM1 = 2–2.5 RE shown in MHD simulation (Figure 6f), the distance to LR can be roughly estimated as
VHe++ t1 = LR + LM1 + LM1
𝑓

VHe++
t1 = L R
s

where t1 is the travel time of slow (s) and fast (f ) He++ ions from reconnection site to satellite location
and from reconnection site to M1 and back to satellite location, respectively. The ion outflow using O+ is
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subtracted from the He++ giving VHe++ = 295 km/s and VHe++
= 195 km/s which gives:
s
𝑓

LR =

2VHe++
LM1
s
VHe++ − VHe++
s

= 7.8 − 9.8 RE

𝑓

This estimated distance of 8–10 RE from MMS to the reconnection site is in good agreement with the distance
between MMS and the region of maximum magnetic shear shown in Figure 5a northward and dawnward
of the MMS.
To estimate the distance to M2 we use the fast (VO+ = 260 km/s), reflected O+ from M2 and the slow (VO+s =
𝑓
140 km/s) O+ originating from ionosphere through M1:
VO+ t1 = LM1 + LM2 + LM2 = LM1 + 2LM2
𝑓

VO+s t1 = LM1
VO+ − VO+s
𝑓
LM2 =
LM1 = 0.9 − 1.1RE
2VO+s

This indicates that the length of the magnetic bottle (LM1 + LM2 ) is about 3–4 RE . The gradient of B of about
20 nT from the center of the bottle toward the both mirror points is efficient in trapping most of the particle
flux as can be estimated from mirror force calculation at M1 for 1-keV He++ (see Figure 4a) in the cavity and
comparing it with the force required to make He++ parallel velocity (v|| = 295 km/s) at distance LM1 zero:
𝜇Δ|| B =
mHe++
Δt =

dv||
dt

LM1
1
v
2 ||

=

2∗1.67e−27
kg∗295 km/s
(86 to 108 s)

1 keV (45 − 25 nT)
= 8 − 10e−24
25 nT (2 to 2.5RE )

N

= 9–11e−27 N, where the time difference of 86–108 s is estimated from

. This estimation shows that the mirror force is over two orders of magnitude greater than the force

required to make the He++ parallel velocity zero at M1.

5. Conclusions and Discussion
We have shown that MMS orbit can reach high-latitude dayside magnetopause and associated boundaries.
The main conclusions can be summarized as follows:
1. Ion velocity distribution functions and good Walén relation and HT frame velocity suggest reconnection occurring dawnward and above MMS, about 8–10 RE from MMS, which is consistent with MHD
simulation.
2. MMS observed high fluxes of trapped high-energy electrons and ions in the magnetic bottle-like structure.
Formation of the magnetic bottle via reconnection was also observed in the MHD simulation.
3. He++ (of solar wind origin) and O+ (of ionospheric origin) phase space densities suggest that the magnetic bottle between mirror points M1 and M2 was formed by cumulation of magnetic flux in the
magnetosheath originating from reconnection about 8–10 RE from the MMS location.
We propose that the local antiparallel reconnection in the vicinity of the cusps, such as observed by Nykyri,
Otto, Adamson, Dougal, and & Mumme (2011), results into the formation of stronger magnetic field depressions (∼50–80 nT) than the component reconnection that was operating and created the elongated cavity for
the present event. Our future work is to better understand the relative contributions of local physical mechanisms (e.g., acceleration via gradients in reconnection quasi-potential, Nykyri et al., 2012; wave acceleration,
Nykyri et al., 2004; and Kelvin-Helmholtz Instability-driven processes Moore et al., 2016; Sorathia et al.,
2017) and remote sources (ring current, Pulkkinen et al., 2001, and foreshock energetic particles, Trattner
et al., 2011) contributing to these enhanced fluxes of energetic electrons and ions in these cavities. It is
noteworthy that for the present event the IMF orientation and plasma conditions remained quite steady for
hours, allowing reconnection site to remain relatively stable, and lead to formation of cavities along MMS
trajectory. This stable IMF can lead to longer trapping times and therefore more efficient acceleration by the
electric field in the cavity (Nykyri et al., 2012). However, Figure 4l shows that during present event some of
the high-energy protons at ≈ 9:25 get into a loss cone leaking into the ionosphere or into the magnetosheath
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from the cavity, while the IMF remains steady. It is possible that when the IMF changes orientation, the
electrons, which are more easily to be adiabatic and trapped, could leak out, contributing to the > 40-keV
electron leakage events observed by Cohen et al. (2017).
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